Reactive oxygen species (ROS) act as signal molecules for a variety of processes in plants. However, many questions about the roles of ROS in plants remain to be clarified.
INTRODUCTION
The cereal aleurone is a secretory tissue whose metabolism is under hormonal control, and it is an important regulator of seed germination. The interaction between phytohormones, particularly gibberellin (GA) and abscisic acid (ABA), is an essential factor controlling the metabolism in cereal aleurone cells. The responses of aleurone layers to GA involve the synthesis and secretion of hydrolytic enzymes such as α -amylase. ABA blocks the GA response in aleurone cells through a mechanism that involves the expression of a distinct set of genes. Thus, cereal aleurone cells function as an excellent model system in which to explore the molecular mechanisms involved in hormonally regulated gene expression, and particularly the antagonism between GA and ABA. So far, many studies of GA and ABA signaling in aleurone cells have been performed (Bethke et al., 1997; Lovegrove and Hooley, 2000; Ho et al., 2003; Sun and Gubler, 2004) .
The current view is that GA binds to a soluble GID1 receptor that interacts with the DELLA receptor proteins in a GA-dependent manner; this interaction induces DELLA protein degradation via the E3 ubiquitin ligase SCF GID2/SLY1 (Ueguchi-Tanaka et al., 2005; Schwechheimer, 2008; Hirano et al., 2008) . GA-independent changes in gene expression in aleurone cells require DELLA protein degradation. The barley (Hordeum vulgare) Slender1 (SLN1) protein contains a DELLA motif in the N-terminal region and is classified as a DELLA-type protein. The aleurone cells of sln1c mutants constitutively express α -amylase in the absence of GA induction (Fu et al., 2002; Chandler et al., 2002) . Downstream of the DELLA proteins, GA regulates α -amylase synthesis in the aleurone via a GA-induced myb-like transcription factor (GAMyb) that binds to a specific region of the promoters of genes that encode α -amylase (Gubler et al., seed germination, there is little information establishing a direct link between the change in levels of ROS and gene expression during the germination process.
The aims of the present study were to examine whether ROS perform a crucial function in the induction of α -amylase production in barley aleurone cells, and to confirm whether this effect is caused by an interaction with GA and ABA signaling. The results presented in this study allow us to present a comprehensive view of the mechanisms of ROS-dependent α -amylase release in barley aleurone cells.
RESULTS

GA and ABA Regulate Production of H 2 O 2 in Barley Aleurone Cells
Production and distribution of H 2 O 2 were histochemically detected as the appearance of brown coloration after staining with 3,3-diaminobenzidine (DAB) as a substrate (Thordal-Christensen et al., 1997) . To visualize H 2 O 2 accumulation in barley seeds, embryoless half-seeds were stained with DAB. When embryoless half-seeds were treated with GA, H 2 O 2 accumulation was observed in the aleurone layer but not in the endosperm (Fig. 1B) . Additionally, The H 2 O 2 accumulation by GA was suppressed by ABA or ascorbic acid (AsA) (Fig. 1C, Supplemental Fig. S1 ). To observe H 2 O 2 accumulation within the barley aleurone cells in greater detail, we used the control value. The peak chemiluminescence identified in protoplasts treated with GA + AsA was very low. We also investigated H 2 O 2 content in aleurone layers treated with GA or ABA at different lengths of incubation (Fig. 3) . The H 2 O 2 content in aleurone layers treated with GA was increased remarkably at 3 h after treatment, and the content was maintained until 24 h after treatment. Although the H 2 O 2 content in aleurone layers treated with GA + ABA or ABA were peaked at 12 h after treatment, the content at all incubation times were less than GA treatment. These data strongly suggest that H 2 O 2 production in barley aleurone is upregulated by GA and downregulated by ABA. To examine whether the regulation of α -amylase activity caused by H 2 O 2 is accounted for by the level of α -amylase mRNA, we performed northern blot analysis.
Aleurone layers were incubated in GA, GA + H 2 O 2 , or GA + AsA for 24 h. The α -amylase1 and 2 mRNA levels in aleurone layers treated with GA reached its highest level at 12 to 18 h and 18 to 24 h after imbibition, respectively (Fig. 4B) , as has been previously reported (Chandler and Jacobsen 1991; Gubler et al., 1995) . On the other hand, the α -amylase1 and 2 mRNA levels in aleurone layers treated with GA + H 2 O 2 were high at 0.5 to 3 h after imbibition. Furthermore, the highest level of α -amylase1
and 2 mRNA in aleurone layers treated with GA + AsA was at 24 h after imbibition. Gibberellin is known to trigger degradation of SLN1, which is a DELLA-type transcription factor in the GRAS family (Sun and Gubler, 2004 ) and a central component of GA signaling. In the presence of GA, SLN1 is degraded via the ubiquitin-proteasome system in a GA-dependent manner, leading to α -amylase production in the aleurone cells of barley seeds (Ikeda et al., 2001; Chandler et al., 2002; Sun and Gubler, 2004 to its promoter region (TAACAAA box). The expression of GAMyb in aleurone layers treated with GA gradually increased and peaked at 6 h after treatment, then decreased by 12 h after treatment (Fig. 6A ). This result was consistent with a previous report (Gubler et al., 1995 and GA + AsA (Fig. 6B) . Although the expressions of PKABA in aleurone layers at 0.5 to 3 h after treatment were no change in all treatments, the expressions of PKABA in aleurone layers treated with GA + AsA at 6 to 24 h after treatment were significant higher than that in GA or GA + H 2 O 2 -treated aleurone layers. In addition, we investigated the relationship between H 2 O 2 and production of PKABA by ABA in barley aleurone cells. The expression level of PKABA in GA-treated embryoless half-seeds was the same as that seen for the control (Fig. 7A) . When GA and ABA were applied together, the level of PKABA mRNA increased to almost 3 times that of the control and GA treatments. However, treatment with a combination of GA, ABA, and H 2 O 2 reduced the expression of PKABA to half that seen for the GA + ABA treatment.
PKABA is a type of SNF1 (sucrose non-fermenting 1)-related protein kinase 2 (SnRK2), and in addition to being regulated at the transcriptional level, SnRK2 was reported to be activated by autophosphorylation of its Ser or Thr residues, or both (Belin et al., 2006; Shin et al., 2007) . Therefore, we also analyzed the effect of H 2 O 2 on autophosphorylation of PKABA in barley aleurone cells by a pull-down assay with anti-SlSnRK2C (a specific antibody against SnRK2 including PKABA, see Fig. S4 ).
The autophosphorylation of PKABA in barley aleurone cells was detected in the GA + ABA treatment but not in the control, GA, or GA + ABA + H 2 O 2 treatments (Fig. 7B) . Additional evidence comes from a study of Arabidopsis Cu/Zn-SOD isoforms, which are encoded by three genes (CSD1, CSD2, and CSD3) (Kliebenstein et al., 1998) . On the basis of microarray data, expression levels of CSD1 and CSD2 were lower in a ga1-3 quadruple-DELLA mutant (a combination of four mutant DELLA genes [gai-t6 We then examined whether H 2 O 2 induced by GA affected the activity of α -amylase in aleurone cells. The α -amylase production in aleurone layers during GA treatment was markedly changed after H 2 O 2 production in aleurone layers (Fig. 3, 4) . Furthermore, exogenous H 2 O 2 enhanced early GA-induced α -amylase activity in aleurone cells but had no effect in the absence of GA (Fig. 4A ). In contrast, AsA significantly suppressed the α -amylase activity induced by GA treatment. These results imply that H 2 O 2 produced by GA is related to induction of α -amylase in aleurone cells by GA. So far, many studies of GA and ABA signaling in aleurone cells have been performed using the induction of α -amylase as an indicator of signaling, and have discussed signaling in terms of the increase or decrease in α -amylase activity (Jacobsen et al., 1995; Lovegrove and Hooley, 2000) . In the present study, it is noteworthy that H 2 O 2 promoted the induction of α -amylase mRNA in the presence of GA but did not increase the level of induction, and AsA, which is antioxidant, suppressed the α -amylase activity in the presence of GA (Fig. 4) . (SLN1-deficient) half-seeds would be expected to be unchanged by AsA treatment.
However, α -amylase activity in sln1 mutant aleurone was markedly suppressed by AsA (Fig. 5C ). These data indicated that the regulation of α -amylase by H 2 O 2 is unrelated to breakdown of the SLN1 protein, and therefore, that H 2 O 2 acts downstream of SLN1.
In a previous study, ROS induced the expression of several types of transcription factors such as members of the bZIP, WRKY, and MYB families (Mittler et al., 2004) .
In the present study, the induction of GAMyb mRNA was promoted but not increased by H 2 O 2 in the presence of GA (Fig. 6A) ; a similar pattern was seen for the induction of α -amylase mRNA in the presence of GA (Fig. 4B) . Additionally, the relative expression level of GAMyb mRNA in GA + AsA-treated aleurone layers was lower than that in GA-treated aleurone layers (Fig. 6A) . Furthermore, it was interesting that, in aleurone layer treated with GA, H 2 O 2 content increased at 3 h after treatment, expression of
GAMyb mRNA increased at 6 h after treatment, and expression of α -amylase mRNA increased at 12 h after treatment (Fig. 3, 4B, 6A ). These results suggest that H 2 O 2 promoted the induction of α -amylase mRNA by regulating the expression of GAMyb mRNA in the presence of GA.
The regulation of GAMyb mRNA induction by H 2 O 2 could be accounted for by suppression of PKABA, because H 2 O 2 repressed the ABA-induced expression of PKABA mRNA (Fig. 7A) . Additionally, the relative expression level of PKABA mRNA in aleurone layers treated with GA + AsA for 6 to 24 h was significantly higher than that in GA-treated aleurone layers (Fig. 6B) (Fig. 8) . In present study, no α -amylase activity was detected in aleurone layers treated only with H 2 O 2 (Fig. 4A) , although H 2 O 2 acts downstream of SLN1 and related to the induction of GAMyb mRNA (Fig. 5, 6A ). The induction of GAMyb mRNA in aleurone cells was performed after the degradation of SLN1 in presence of GA (Gubler et al., 2002) . The SLN1 in aleurone layers treated only with H 2 O 2 is predicted to be not degraded, because H 2 O 2 is not affected the degradation of SLN1 (Fig. 5) 
MATERIALS AND METHODS
Plant Material
Hordeum vulgare L. cv. Seijou17 was used as the test material. This cultivar was grown 
Hormonal Treatment of Aleurone Layers and Embryoless Half-seeds
Embryoless half-seeds were prepared to cut into two parts (embryo-attached and embryoless) with a razor blade after sterilization. Aleurone layers were prepared from the embryoless half-seeds as described previously (Chrispeels and Varner, 1967) . For each treatment, aleurone layers or embryoless half-seeds were treated with a solution containing 1 µM GA 3 , 1 (aleurone layers) or 10 (embryoless half-seeds) mM H 2 O 2 , or 50 mM AsA (alone or in combination, as specified) containing 10 mM CaCl 2 , cefotaxime (150 µg mL -1 ), and nystatin (50 units mL -1 ). Embryoless half-seeds were treated at 10 mM H 2 O 2 to postulate the degradation of H 2 O 2 at endosperm during treatment. After incubation at 22°C for the amount of time indicated, the samples were frozen until the measurements. 1-cm cuvettes at 410 nm. There were five replications of each treatment.
Visualization and Detection and Content of H 2 O 2 in Aleurone Protoplasts and Layers
Aleurone protoplasts were prepared from aleurone layers, as described previously (Bush et al., 1986; Bethke et al., 1999) . Protoplasts were incubated in Gamborg's B-5 medium modified by the addition of 10 mM CaCl 2 . Where indicated, 1 µM GA 3 , 5 µM ABA, or 50 mM AsA were included in the incubation medium and the protoplasts were incubated at 22°C for 24 h. Washed protoplasts were incubated in dihydrofluorescein diacetate (DHFDA) for 15 min and then washed four times with baseline culture medium. Protoplasts were transferred to wells on microscope slides and illuminated using a mercury light source on a microscope fitted with optical filters (460-500 nm excitation, 505 nm dichroic mirror, 520-560 nm emission; Nikon Corp.). To detect H 2 O 2 in aleurone protoplasts, luminol was added to the incubation medium at a final 
Northern Blot Analysis
Total RNA was isolated from 50 aleurone layers by using the SDS/phenol/LiCl method (Chirgwin et al., 1979) . cDNA synthesis with total RNA, oligo-dT, and SSШ reverse transcriptase was performed according to standard procedures. Then, PCR was carried out with ExTaq DNA polymerase according to the manufacturer's manuals: the template was cDNA and the primers were gene-specific primers designed to target the open reading frame of barley α -amylase 1and 2 (NCBI accession no. M17126.1 and M17128.1) (Supplemental Table S1 ). Digoxigenin (DIG) labeling of the PCR products was carried out with a non-isotopic DIG-labeling kit (Roche Diagnostics). Total RNA ( instruction manuals, and then phosphorylated polypeptides in the gel were visualized with a FluorChem imaging analyzer (Alpha Innotech) with 354 nm excitation/595 nm emission.
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1 . Production of H 2 O 2 in barley aleurone cells.
Supplemental Figure S2 . Effects of pH and osmotic stress on α -amylase activity in barley aleurone cells.
Supplemental Figure S3 . H 2 O 2 restored α -amylase activity suppressed by ABA.
Supplemental Figure S4 . Phosphorylation assay of PKABA in the presence of ATP.
Supplemental Figure S5 . Binding assay with GST-HvSLN1 or GST-HvPKABA recombinant protein.
Supplemental Table S1 . Primers used for quantitative real-time PCR analysis.
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